The treatment of end-of-life vehicles generates large amounts of automobile shredder residue (ASR), a potential source of recycled metals. Reliable measurement methods are required to determine the composition of ASR and evaluate the resource potential. We reported on research undertaken to investigate bias and variability in the process of measuring trace metals in ASR. Two primary samples of shredder light fraction (SLF) underwent extensive physical sample preparation and chemical analysis. The samples were spiked to control random variations and systematic effects during physical sample preparation. Chemical analysis was conducted using wavelength-dispersive X-ray fluorescence spectrometry (WD-XRF), a fully validated wet-chemical analysis, and a wet-chemical analysis representing an "in-house" lab procedure. Physical sample preparation introduced deviations up to a factor of 2, likely due to preferential losses and heterogeneity. Deviations for WD-XRF measurements of elements were in the range +100%/−50%. In-house chemical analysis produced results that were in good agreement with validated results for Al, Fe and Sn, but led to biased results or high variability for Cd, Dy, La, Nd, Pb, Pd, Pt and Sb. To improve the chemical analysis of trace metals in SLF, we recommended reducing particle size to less than 0.1 mm before chemical analysis and using a larger number of repeated digestions.
Introduction
Each year, more than 6 million end-of-life vehicles (ELVs) are treated in the European Union [1]. After being depolluted and dismantled, the ELV hulks are treated in shredders to mechanically liberate and separate base metals, mainly steel and aluminum, from other materials. Most other non-metallic materials, such as plastics, textiles and glass end up as waste collectively referred to as automobile shredder residue (ASR), which is usually incinerated or landfilled [2] . ASR normally contains toxic substances such as heavy metals, polychlorinated biphenyls (PCBs) and brominated flame retardants (BFRs) [3] [4] [5] and is considered a hazardous waste [6] . Lately, attention has turned towards its content of rare metals and their potential recovery [7] [8] [9] [10] .
The characterization of ASR is necessary to evaluate its toxicity, potential environmental impacts, secondary raw material potentials and the technical possibilities for recovering metals. Substances of interest, such as cadmium or gold, typically occur at low mass fractions only in the parts per million (ppm) range [5, 8] . The low concentrations of target substances combined with the heterogeneity of the material make sampling, sample preparation and chemical analysis extremely demanding tasks.
The goal of a detailed ASR characterization is usually to determine the mass fraction or a related physical quantity of one or several substances, called the analyte(s), in a defined volume of ASR. The measured quantity will, for example, determine whether the waste is to be considered hazardous, or may be used to estimate its value as a source of metals. As it is not feasible to analyze the entire volume, the measurement process involves a series of sampling and sample preparation steps before the actual detection of the analyte. The measurement process can be divided into three phases: 1) sampling, 2) physical sample preparation and 3) chemical analysis [11] .
The first phase consists in taking a sample that is likely to have a composition similar to the batch. The larger the heterogeneity of the lot with respect to the analyte, the larger the sample must be to ensure representativeness [12] . Rare metals in ASR typically originate from small car components such as permanent magnets or integrated circuits in which they are used at elevated mass fractions [8] . Unless these components are comminuted and distributed in the shredder, their distribution in the outputs is likely to be very heterogeneous. Using the theory of sampling, it is in principle possible to calculate the sample size necessary to achieve a predefined level of uncertainty related to sampling [12] . However, the theory of sampling was developed for the mining industry, and although the theoretical foundations also apply to other materials, the calculation of uncertainties and representative sample masses ultimately relies on several assumptions and the use of material-specific parameters, such as the so-called liberation factor. One study has been undertaken to adapt and validate the sampling theory for analysis of ASR [13] , but only for the determination of the main constituent materials such as rubber and plastics. To our knowledge, the theory has never been validated for measuring substances at trace mass fractions in heterogeneous wastes.
For heterogeneous wastes such as ASR, the primary sample taken from the batch typically has a mass of at least several kilograms [14] [15] [16] . Wet-chemical analysis methods rely on digesting a few subsamples of less than 1 g each [17] . Hence, the sample size must be dramatically reduced through a series of homogenization and subsampling steps. This second phase of the measurement process is referred to as physical sample preparation [11] . Homogenization involves comminution and mixing of the material by cutting, milling, grinding or a similar operation. Such operations may introduce systematic deviations in the measurement through contaminations from the equipment or unintentional losses (For an explanation of the terms random and systematic deviations, or errors, see p. 37 in Annex B to the GUM: Guide to Expression of Uncertainty in Measurement [18] .). Moreover, due to the residual heterogeneity always present in the material, each subsampling step introduces additional random deviations and may also generate systematic deviations by preferential selection of certain constituents [19] .
Sample preparation of ASR is particularly challenging due to its heterogeneity and the presence of objects with entirely different physical properties. Despite its potential impact on the measurement results, sample preparation has received little attention in the waste analysis literature. Among the 21 identified studies with the aim to characterize ASR, only 11 provided basic information on the sample preparation procedure, and none involved quantification of uncertainties or bias related to this step [3] [4] [5] [7] [8] [9] 15, 16, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . In general, random deviations introduced in sample preparation may be investigated and neutralized by repetition, although at a high cost, while systematic effects (bias) may be detected by spiking the material with a tracer substance prior to sample preparation [34] .
To complete the measurement process, the final test sample (e.g., 0.1 g of material) goes through a chemical analysis procedure, which is usually conducted in two steps: chemical or physical treatment followed by detection of the analyte [11] . With X-ray fluorescence spectrometry (XRF), detection may be done directly on the homogenized powder sample or on physically prepared samples such as fused beads or wax pellets. Wet-chemical analysis involves dissolving the sample in an acid or base solution before detection, e.g., with mass spectrometry or optical emission/absorption spectroscopy techniques. Like in sampling and physical sample preparation, random and systematic effects may influence the results of chemical analysis. Random deviations caused by the measurement method or residual heterogeneity in the sample lead to variability between different test samples and can to some extent be controlled by repeating the chemical analysis with independent subsamples. Systematic deviations may have various causes, including but not limited to incomplete dissolution of the matrix material, chemical reactions between the analyte and other constituents followed by precipitation or evaporation, and overlapping spectra between the analyte and other constituents. Such effects are more likely to influence the measurement when the sample contains a large variety of materials and substances, as is the case for ASR.
Control and/or elimination of all the possible effects that may influence the final measurement result would lead to very high costs and is not feasible in most projects. It is therefore of high interest to (1) identify target elements, methods or combinations thereof, for which bias is more likely to occur, (2) identify simpler analysis methods with little influence on the reliability of the result, (3) estimate typical levels of uncertainty for particular elements and/or methods. In this article, we report on work undertaken to address these three points for trace metals in ASR, specifically shredder light fraction (SLF), which constitutes the majority of ASR. We focused on the sample preparation and chemical analysis phases while acknowledging that sampling also provides a very important contribution to uncertainties. This study was conducted on two large samples of SLF obtained from an ELV treatment facility in Switzerland. Prior to physical preparation, the samples were spiked with Y 2 O 3 and Yb 2 O 3 to control deviations in the physical sample preparation process. Wet chemical analyses were performed using extensively validated methods as well as "in-house" methods that represent typical procedures for routine analysis under normal resource constraints. The results of the in-house methods were compared to the results of the validated methods to identify potential pitfalls. The overall objectives and approach were the same as in our recent study on the chemical analysis of printed circuit boards [35] .
Materials and Methods

Primary Samples
Two large primary samples of SLF, described in Table 1 , were obtained from two shredder batch tests conducted on 15 May 2017 at a shredder facility in Switzerland. Only ELVs were shredded during the batch tests. The first batch included 69 vehicles produced in the year 2000 or earlier and the second batch included 62 vehicles produced in the year 2001 or later. 
Spiking of Primary Samples
Before sample preparation, each of the primary samples was spiked with 11.2 g of Y 2 O 3 and 10.0 g of Yb 2 O 3 powders. The amounts added were chosen to result in mass fractions of Y and Yb of around 50 mg/kg, which is much higher than the expected intrinsic content [8] . The spikes were added on the shredder site immediately after collecting the samples. The spikes were sprinkled on top of the samples and manually mixed with the SLF. The spike powders were therefore concentrated in the top layer (approximately the top quarter) of the samples. This was done intentionally to test the ability of the sample preparation process to homogenize the samples.
Physical Sample Preparation
The goal of the sample preparation was to comminute and homogenize the samples of 167.5 kg and 160.2 kg so that representative subsamples of 50 g with a particle size lower than 0.5 mm could be taken for chemical analysis. The main challenge with comminution and homogenization of SLF was the heterogeneity of the material and the presence of different objects with entirely different physical properties, i.e., soft and ductile materials (e.g., plastics, textiles), hard and brittle materials (e.g., glass, ceramics) and hard and ductile materials (metals). A number of single processing lines were first tried out, including briquetting with subsequent cutting, grinding after cooling with liquid nitrogen, pyrolysis, the use of chemical solvents and shredding in various mills. Due to the variable physical properties of the constituents, none of these methods were successful alone in comminuting unsorted SLF. It was therefore decided to use a combination of separation, subsampling and comminution operations: by first separating materials with dissimilar properties (e.g., metals and plastics), comminution operations could be tailored to deal with the characteristic properties of the separate fractions.
The developed procedure is illustrated in Figure 1 . The samples were comminuted and homogenized in a shredder until they passed through a sieve with a mesh size of 22.6 mm. After this, they were evenly divided by a ripple divider until a quantity of around 30 kg was reached. The 30 kg was further processed in a hammer mill with a sieve with a mesh size of 8 mm for the first run and a sieve of 4 mm in the second run. The resulting fractions with particle sizes larger than 8 and 4 mm continued to a sensor-sorter for metal separation, where the particles were separated based on electrical conductivity and optical/infrared sensors. The remaining fraction (<4 mm) went directly to a zigzag classifier as the particles were too small to be separated by the sensor-sorter.
The zigzag classifier separated heavy material from light material within a fluidized bed caused by an up-flowing air stream, thereby generating a heavy fraction mainly consisting of metals and harder plastics and a light fraction that mainly consists of soft plastics and textiles. The non-metallic output of the sensor sorter and the light fraction from the zig-zag sorter were combined and are here referred to as the "soft plastics" fraction. This fraction was further divided by a ripple divider to reduce the sample size due to handling capacity (around 3 kg) of the following operations, which involved grinding the sample using a shredding machine followed by a cross beater mill.
The mixture of metals and hard plastics was further processed. A deflecting magnet first separated ferrous metals from the rest, since they are typically very hard and would destroy the cutting mill. In a subsequent float-sink separation, plastics were separated from metals before the resulting fractions were dried for 4-5 h at 110 • C.
The "hard plastics" fraction (an umbrella term for the lighter output of the float-sink separation, mainly consisting of plastics) was further comminuted in a cutting mill, followed by a cryomill and finally, a cross beater mill, to arrive at a particle size of <0.5 mm.
The heavy output from the float-sink separation was further comminuted in a cutting mill, producing a homogenous mixed fine metal fraction. In the next step, this fraction and the previously separated ferrous coarse metals were solidified together in a casting matrix (epoxy), which was then ground in a grinding chamber to reach a particle size of <0.5 mm. Finally, the resulting material was heated to 550 • C to remove the organic epoxy. Part of the metal-epoxy mixture was not heated but retained with the epoxy. This metal-epoxy mixture was used for measuring Cd, which may evaporate during heating to 550 • C.
From the initial~160 kg of SLF, three final fractions with particle sizes <0.5 mm and a mass of 1-3 kg were produced: "soft plastics", "hard plastics" and "metals". Before chemical analysis, the two plastics fractions were mixed together in amounts representing their relative mass shares (97% "soft plastics" and 3% "hard plastics"). 
Chemical Analysis
General Approach
Chemical analysis of the samples was conducted using three different approaches. Firstly, a semi-quantitative analysis of the main metallic elements (Al, Cr, Cu, Fe, Ni, Pb, Sb, Sn and Zn) was 
Chemical Analysis
General Approach
Chemical analysis of the samples was conducted using three different approaches. Firstly, a semi-quantitative analysis of the main metallic elements (Al, Cr, Cu, Fe, Ni, Pb, Sb, Sn and Zn) was performed with wavelength dispersive X-ray fluorescence spectrometry (WD-XRF) at Empa Advanced Analytical Technologies.
Secondly, an element-wise extensive method development was undertaken at Empa Advanced Analytical Technologies to find and validate digestion and measurement methods for each element according to DIN EN ISO/IEC 17025 [36] . This will subsequently be referred to as the "validated method". These measurement methods were developed based on previous experience with measuring trace metals in SLF and involved, among other things, testing varying acid mixtures, measuring settings and gas reaction modes, as well as the analysis of potentially interfering elements such as oxygen, carbon and halogens. Due to the extensive validation procedure, mass fractions measured using the validated method were expected to be close to the true mass fraction of the digested test samples and are used as reference values in this article.
Thirdly, simplified "in-house" wet-chemical analyses were carried out at Technische Universität Berlin, Chair of Circular Economy and Recycling Technology. These analysis methods are assessed in-house according to national and international guidelines and standards, such as DIN/ISO 11466 [37] and DIN EN ISO/IEC 17025 [36] . These are based on the validated methods but include some simplification to represent typical procedures for routine analyses under normal resource constraints. These simplifications involve using standard measurement settings for general sample matrices and more extensive use of ICP-OES instead of ICP-MS.
The results of the XRF measurements and the in-house method were compared to the results of the validated method to analyse variability and bias of the different methods and to identify particularly difficult cases, i.e., related to specific elements or samples.
Element Selection
A diverse set of 27 elements was chosen for chemical analysis. The elements were selected to include elements that are considered critical to the European Union (Be, Ce, Co, Dy, Ga, Ge, In, La, Mg, Nd, Pd, Pt, Sm) [38] , hazardous metals (Cd, Pb, Sb), precious metals (Ag, Au), base metals and some of their common alloying elements (Al, Cr, Cu, Fe, Ni, Sn, Zn), as well as the spiking elements (Y, Yb). The measured elements were expected to occur in the SLF at mass fractions ranging from around 1 mg/kg or less up to several percent. All the elements were measured with the in-house method. Due to the resource requirements of the validated method development, only 19 elements were measured with the validated method. Table 2 lists all the elements measured. In this article, we focus on the 19 elements that were measured with both methods. The observed mass fractions of the remaining elements are included in the Supplementary Materials. 
Wavelength Dispersive X-Ray Fluorescence Spectrometry (WD-XRF)
A semi-quantitative analysis was performed with WD-XRF using a Rigaku Primus IV instrument. All samples were prepared for WD-XRF in three different ways: powder samples, wax pellets and fused bead. Powder samples were directly measured with standardless calibration and no additional sample preparation. The detection limit for the elements in the powder samples was approximately 10 mg/kg. For the wax pellets, 2.5 g of Cereox (Wax) was added to 5 g of the sample, and the resulting mixture was pressed with 10 tons (Vaneox-Press). The detection limit for elements in the wax pellets was approximately 50 mg/kg, due to dilution with the wax. For the fusion, 8 g of a mixture of Li 2 B 4 O 7 and LiBO 2 were added to 1 g of the sample in a platinum crucible, and the resulting mixture was melted at 1200 • C in an automatically programmed melting furnace (Fluxana Vitriox). The melt was subsequently transferred into a platinum dish for cooling. The detection limit for the fusion was approximately 200 mg/kg due to dilution with the fluxing agent.
Wet-Chemical Analysis
The same general procedure was followed both for the in-house and the validated method: subsampling of a small portion (0.1-0.2 g) of the physically prepared sample, microwave digestion with HNO 3 /HCl (aqua regia) or HNO 3 /H 2 O 2 followed by measurement using inductively coupled plasma optical emission spectrometry (ICP-OES) and/or inductively coupled plasma mass spectrometry (ICP-MS). Detailed information on the wet-chemical analysis methods are provided in Table 3 .
Data Analysis
To visually compare the results of the XRF measurements and the in-house measurements with the validated measurements, we calculated the ratio of the mass fraction in each test sample measured with XRF or the in-house method to the mean of the mass fractions measured in the five test samples using the validated method.
An unpaired two-sided t-test was used to detect significant differences between the results of the in-house methods and the validated method. An individual t-test was performed for each combination of sample, element and in-house digestion acid (in total, 152 combinations). A significance level of 0.02 was used to avoid a large number of type I errors. Each t-test compared the 5 values from the validated method with the 3 values from the in-house method. Measurements for which the signal was below the detection limit of the equipment were treated as zeros. 
Results and Discussion
Physical Sample Preparation
The two primary samples were spiked with Y 2 O 3 and Yb 2 O 3 powders before physical sample preparation. The amount added corresponded to a mass fraction of 53 mg/kg in sample S1 and 55 mg/kg in sample S2. It was expected that similar mass fractions would be observed by chemical analysis, as the content of these elements in typical SLF from vehicles was believed to be very low (less than 10 mg/kg). After measuring the mass fractions of Y and Yb in the "plastics" and "metals" fractions of the prepared samples and multiplying the result with each fraction's share in the primary sample, it was found that the prepared samples contained 90-150% more Y and Yb than expected ( Figure 2 ). the in-house methods and the validated method. An individual t-test was performed for each combination of sample, element and in-house digestion acid (in total, 152 combinations). A significance level of 0.02 was used to avoid a large number of type I errors. Each t-test compared the 5 values from the validated method with the 3 values from the in-house method. Measurements for which the signal was below the detection limit of the equipment were treated as zeros.
Results and Discussion
Physical Sample Preparation
The two primary samples were spiked with Y2O3 and Yb2O3 powders before physical sample preparation. The amount added corresponded to a mass fraction of 53 mg/kg in sample S1 and 55 mg/kg in sample S2. It was expected that similar mass fractions would be observed by chemical analysis, as the content of these elements in typical SLF from vehicles was believed to be very low (less than 10 mg/kg). After measuring the mass fractions of Y and Yb in the "plastics" and "metals" fractions of the prepared samples and multiplying the result with each fraction's share in the primary sample, it was found that the prepared samples contained 90-150% more Y and Yb than expected ( Figure 2 ). Figure 3 , we see that Y and Yb were preferentially concentrated in the plastics fraction during sample preparation (more than 99% of the spike mass ended up there). Accumulation in the plastics fraction can be explained by the zig-zag sorter, whose purpose is to separate materials with low density (e.g., plastics and textiles) from those with high density (e.g., metals), using an airstream which carries the light materials up while the heavy materials fall down. In such operations, small but dense particles, such as the spike powders, will also be carried with the light fraction due to their high surface area to mass ratio [39] .
By inspecting
The difference between the two elements is small: Y is 5% higher than Yb in sample S1 and 2% lower than Yb in sample S2. This result was expected, as the spikes were added in the same form (fine powder) and the same way (mixed in the top layer of the sample). Hence, their location within the sample volume was correlated from the beginning, and was likely to stay correlated because there Figure 3 , we see that Y and Yb were preferentially concentrated in the plastics fraction during sample preparation (more than 99% of the spike mass ended up there). Accumulation in the plastics fraction can be explained by the zig-zag sorter, whose purpose is to separate materials with low density (e.g., plastics and textiles) from those with high density (e.g., metals), using an air-stream which carries the light materials up while the heavy materials fall down. In such operations, small but dense particles, such as the spike powders, will also be carried with the light fraction due to their high surface area to mass ratio [39] .
The difference between the two elements is small: Y is 5% higher than Yb in sample S1 and 2% lower than Yb in sample S2. This result was expected, as the spikes were added in the same form (fine powder) and the same way (mixed in the top layer of the sample). Hence, their location within the sample volume was correlated from the beginning, and was likely to stay correlated because there is no significant difference in properties that will cause one to behave differently from the other during sample preparation. Any deviation (random or systematic) due to subsampling or losses is therefore likely to have the same sign for the two elements.
There are three possible explanations for the observed difference between the added spike mass fractions and the measured mass fractions: (1) deviations introduced during chemical analysis, (2) intrinsic content of Y and Yb in the primary samples and (3) deviations introduced during physical sample preparation. Significant effects in the validated chemical analysis seem unlikely due to the extensive validation procedures (e.g., as shown in Figure S1 , the recoveries from standard addition prior to digestion were 102% and 100% for Y and Yb, respectively). Moreover, problems with digestion are not a plausible explanation since this would lead to underestimation rather than overestimation. Finally, the similarity of the results for the two elements indicates that the observed difference is not due to errors in the chemical analysis.
the elements in both of the prepared fractions, indicating consistency in sample preparation and chemical analysis. The observed differences, such as the metal fraction of Nd being higher in S2, may be due to differences between the two batches of cars (S2 is from younger cars than S1) or due to heterogeneity before sub-sampling.
For each element, the measured mass fractions in the plastics and metals fractions are usually quite close (i.e., within the same order of magnitude). This indicates that the sample preparation process is not very efficient at concentrating the elements. For example, Zn was found at higher mass fractions in the plastics fraction than in the metals fraction. The most notable exceptions are Cu, for which the mass fractions are more than 10 times higher in the metals fractions than in the plastics fractions, and the spiking elements Y and Yb, for which the reverse is true. In the following, we compare the results of the alternative measurement methods (XRF and the in-house methods) to the results of the validated methods and attempt to provide plausible explanations where significant differences occur. Figure 4 shows the mass fractions of eight elements in the four samples as measured by XRF, divided by the corresponding mass fractions determined by the validated method. Around half of the measured values lie within +/−50% of those of the validated method. The observed mass fractions from the powder and wax samples were generally higher, on average 40% above the mass fractions measured with the validated method. The results of the XRF fusion method were closer to those of the validated wet chemical analysis (on average, 11% lower). This is expected, as the fusion sample is homogenized and the others are not. It also appears very unlikely that the deviation is caused by intrinsic content of the spiking elements in the original samples. Y was independently measured at only 0.9 mg/kg and 2.7 mg/kg in the unspiked samples from the batches of S1 and S2, respectively. These values are in line with findings from a previous study, where Y was measured at 3.5 mg/kg [8] . Yb was measured at around 0.1 mg/kg in the unspiked samples, but was not included in the study by Widmer et al.
Variability and Bias of XRF Measurements
Having ruled out these two possible explanations, we conclude that the deviations were mainly introduced during physical sample preparation. To identify possible sources of bias, we inspect the mass losses during sample preparation (shown in magenta in Figure 1 ). The highest losses were found for the "soft plastics" and "hard plastics" fractions of sample S1 (both 23%). Many of the observed losses were due to oversized particles that were not adequately comminuted and therefore did not pass through the sieves. Considering that the spikes were in powder form, they are unlikely to get lost in this way. Hence, whenever such losses occur, the mass fraction of the spikes would increase, as the total sample mass is reduced but the mass of the spikes in the sample remains the same. Such effects most likely occurred to some extent for both samples, but in particular, for the soft plastics fraction from sample S1 after the crossbeater mill, where 11% of the material was lost. Considering other losses as well, the maximum increase due to losses of non-target constituents would be 30% for sample S1 and 12% for sample S2. This does not explain the whole deviation, but it may explain a large part of the difference between the two samples. The remaining deviation may have occurred during the subsampling steps, and may be due to either systematic or random effects. As the spiking powders were initially concentrated in the top layers of the sample, it is likely that residual heterogeneity led to some deviation from the average concentration during subsampling.
The findings illustrate how the physical properties of particles containing target elements may lead to preferential concentration or dilution during sample preparation and thereby, cause biased results. Whether similar effects influence the results for elements intrinsically contained in SLF is difficult to judge, since it depends on the size and physical properties of the particles in which they are contained, as well as their initial distribution in the primary samples, all of which are largely unknown. However, the spiking trial was an extreme test of the sample preparation procedure given the physical properties of the spikes and their initial heterogeneous distribution in the primary samples. Therefore, the magnitude of the deviation (factor 2) may be considered as an upper boundary of the uncertainty introduced during sample preparation. Figure 3 displays the absolute mass fractions of 19 elements in the four prepared samples measured using the validated method. Due to the extensive validation of the methods, these will in the following be regarded as the best estimates of the true mass fractions in the prepared samples. The results span a large range of mass fractions, from less than 0.1 mg/kg of Pt in some samples up to 27% Fe in the metals samples. Common metals such as Fe, Al, Cu, Zn were found at above 1% of the mass, while rare earths (Nd, Dy, La) and precious metals (Au, Pd, Pt) were mostly measured at less than 100 mg/kg (0.01%) and less than 10 mg/kg, respectively. Some common alloying elements and other metals such as Cr, Ni, Pb, Sn and Sb were found between 0.01% and 1%. The measured mass fractions are in the same order of magnitude as those from earlier characterizations of ASR. For example, Sn has been measured at 55-350 mg/kg [7, 8, 32] , Nd at 12-130 mg/kg [7, 8] , and Au up to 1.2 mg/kg [7, 8] . However, as the mass fractions found in the present study were measured in sub-fractions of the SLF, they cannot be compared directly to these literature data.
Comparison of Chemical Analysis Methods
Mass Fractions Measured with Validated Method
The difference between the two primary samples S1 and S2 is relatively small for the majority of the elements in both of the prepared fractions, indicating consistency in sample preparation and chemical analysis. The observed differences, such as the metal fraction of Nd being higher in S2, may be due to differences between the two batches of cars (S2 is from younger cars than S1) or due to heterogeneity before sub-sampling.
For each element, the measured mass fractions in the plastics and metals fractions are usually quite close (i.e., within the same order of magnitude). This indicates that the sample preparation process is not very efficient at concentrating the elements. For example, Zn was found at higher mass fractions in the plastics fraction than in the metals fraction. The most notable exceptions are Cu, for which the mass fractions are more than 10 times higher in the metals fractions than in the plastics fractions, and the spiking elements Y and Yb, for which the reverse is true.
In the following, we compare the results of the alternative measurement methods (XRF and the in-house methods) to the results of the validated methods and attempt to provide plausible explanations where significant differences occur. Figure 4 shows the mass fractions of eight elements in the four samples as measured by XRF, divided by the corresponding mass fractions determined by the validated method. Around half of the measured values lie within +/−50% of those of the validated method. The observed mass fractions from the powder and wax samples were generally higher, on average 40% above the mass fractions measured with the validated method. The results of the XRF fusion method were closer to those of the validated wet chemical analysis (on average, 11% lower). This is expected, as the fusion sample is homogenized and the others are not.
Variability and Bias of XRF Measurements
Potential biases and variability in the XRF measurements are visualized in the boxplots in Figure 5 , where all observations have been grouped by a) element, b) sample and c) preparation method. For Cr, Sb and Sn, there seems to be a tendency for overestimating the content, especially in the plastics samples. This is likely due to the XRF method being overly sensitive to heavier elements, especially in a light matrix, as is the case for the plastics samples. Figure 5B shows that the plastics samples exhibited both higher variability and lower accuracy compared to the metals samples. Reasons include the plastics samples being more heterogeneous and having element concentrations closer to the detection limit. As seen in Figure 5C , the fusion preparation gave, on average, lower values than the two other preparation methods. This is mainly due to the higher detection limit (caused by dilution), which led to seven cases of non-detection, compared to one case with the direct powder measurement and two cases with wax preparation. Potential biases and variability in the XRF measurements are visualized in the boxplots in Figure  5 , where all observations have been grouped by a) element, b) sample and c) preparation method. For Cr, Sb and Sn, there seems to be a tendency for overestimating the content, especially in the plastics samples. This is likely due to the XRF method being overly sensitive to heavier elements, especially in a light matrix, as is the case for the plastics samples. Figure 5B shows that the plastics samples exhibited both higher variability and lower accuracy compared to the metals samples. Reasons include the plastics samples being more heterogeneous and having element concentrations closer to the detection limit. As seen in Figure 5C , the fusion preparation gave, on average, lower values than the two other preparation methods. This is mainly due to the higher detection limit (caused by dilution), which led to seven cases of non-detection, compared to one case with the direct powder measurement and two cases with wax preparation. Potential biases and variability in the XRF measurements are visualized in the boxplots in Figure  5 , where all observations have been grouped by a) element, b) sample and c) preparation method. For Cr, Sb and Sn, there seems to be a tendency for overestimating the content, especially in the plastics samples. This is likely due to the XRF method being overly sensitive to heavier elements, especially in a light matrix, as is the case for the plastics samples. Figure 5B shows that the plastics samples exhibited both higher variability and lower accuracy compared to the metals samples. Reasons include the plastics samples being more heterogeneous and having element concentrations closer to the detection limit. As seen in Figure 5C , the fusion preparation gave, on average, lower values than the two other preparation methods. This is mainly due to the higher detection limit (caused by dilution), which led to seven cases of non-detection, compared to one case with the direct powder measurement and two cases with wax preparation. 
Variability and Bias of In-House Measurements
The results of the in-house wet chemical analysis with HNO 3 and aqua regia are shown in Figures 6 and 7 , respectively. The measured mass fractions have been normalized by dividing by the corresponding values obtained with the validated method (Figure 3) . A two-sided t-test was conducted with the original data for each combination of element, sample and digestion method (in the following referred to as "cases") to test whether the results obtained by in-house methods were different from those of the validated method. We rejected the null hypothesis of no difference when the p-value of the t-test was lower than 0.02. These cases are marked with pink dots in Figures 6 and 7 . All p-values can be found in Table S1 .
The results of the in-house wet chemical analysis with HNO3 and aqua regia are shown in Figures 6 and 7 , respectively. The measured mass fractions have been normalized by dividing by the corresponding values obtained with the validated method ( Figure 3) . A two-sided t-test was conducted with the original data for each combination of element, sample and digestion method (in the following referred to as "cases") to test whether the results obtained by in-house methods were different from those of the validated method. We rejected the null hypothesis of no difference when the p-value of the t-test was lower than 0.02. These cases are marked with pink dots in Figure 6 and Figure 7 . All p-values can be found in Table S1 . Figure 6 . Mass fractions measured by "in-house" digestion in HNO3/H2O2, relative to mass fractions measured with the validated method. The dashed horizontal lines show the relative standard deviation of the validated measurements across all elements. Error bars extend one standard deviation above and below the mean (calculated from three repeated digestions/measurements). Pink dots indicate that the measurements were significantly different from those of the validated method (p < 0.02). Some values are too large to be displayed within the limits of the y-axis (see Table S1 ). Error bars extend one standard deviation above and below the mean (calculated from three repeated digestions/measurements). Pink dots indicate that the measurements were significantly different from those of the validated method (p < 0.02). Some values are too large to be displayed within the limits of the y-axis (see Table S1 ).
Inspecting the results of the t-test and the mean deviations between the in-house and validated methods, we can classify the cases into four types: Type 1) the two methods produced results that are significantly different, with a mean relative difference of more than 20%; 2) the two methods gave different results (>20% difference), but the difference is not statistically significant (i.e., they may be due to inhomogeneous samples); 3) the two methods gave similar results (<20% difference), however, there is a small and statistically significant difference; 4) the two methods gave similar results (<20% difference), and there is no significant difference between the results. Type 4 indicates that the in-house method gave similar results as the validated method, while Type 1 and Type 3 indicate that there may be a systematic effect occurring with the in-house method. Type 2 does not allow for any conclusions regarding the suitability of the chemical analysis method.
The results of the classification into deviation types are provided in Table 4 . A large number of cases-59% for HNO 3 and 44% for aqua regia-are classified as "large significant deviations", indicating problems with the in-house methods. In only 16% of the cases, in-house digestion with HNO 3 gave results similar to the results from the validated method, while with aqua regia, the corresponding number was 33%. In the following, we will go through the cases by element. We will consider the element well determined by the in-house method when at least three out of four cases (corresponding to the four samples) were classified as Type 3 or Type 4. This condition is fulfilled for Al (aqua regia), Fe (aqua regia), Sn (aqua regia) and the spiking element Yb (HNO 3 ). However, we note that for Yb, there appears to be a small, but systematic underestimation. In addition, Cr, Ni, La and Zn were determined effectively with aqua regia, although this was not the chosen digestion acid with the validated method (see Table S1 ).
We will consider the method to have clearly failed for a particular element when at least three out of four cases were classified as Type 1 (large significant deviations). This holds true for seven elements: Cd (HNO 3 ), Dy (HNO 3 ), La (HNO 3 ), Nd (aqua regia), Pb (aqua regia), Pd (aqua regia) and the spiking element, Y (HNO 3 ).
Cd was measured at values 2.5-30 times higher with in-house methods than with the validated method in all samples. Dy, La and Pd were clearly underdetermined in three out of four samples with the in-house method. Measurement of these elements with ICP-OES at such low mass fractions (<10 mg/kg) leads to errors, as they are close to the detection limit. For Cd, Dy and Pd, digestion in the other acid system produced similar results, indicating that the problem lies in the detection. The overestimation of Cd may be due to spectral interferences. La was determined effectively using the in-house method with ICP-MS after digestion with AR (see Table S1 ), indicating that here, detection may also have been the problem. For all four elements, we recommend undertaking measurements with ICP-MS instead. The same applies to Pt, which was clearly overestimated in two out of four samples, and showed very high variability in the remaining two.
Neodymium was measured at mass fractions that were 57% to 69% lower using the in-house method than those obtained using the validated method. The lower values measured with the in-house method indicate a possible problem with digestion, e.g., due to lack of stabilization with additional HCl after digestion. The problem was not detected with standard addition (calculated recovery rates were around 100% and above 140% for metals and plastics samples, respectively). See Figure S1 for details.
In-house measurements of Pb, using aqua regia and ICP-OES, gave results that were 8-34% lower than measurements by the validated method. Possible reasons include incomplete dissolution due to suboptimal digestion parameters (e.g., temperature), interferences with other elements or inadequate calibration of measurement devices.
Y was measured at values 27-50% lower with the in-house method than with the validated method, both methods involve digestion with HNO 3 and detection with ICP-MS. A possible explanation is incomplete dissolution of Y 2 O 3 . It may be possible to solve the problem by optimising the digestion parameters (time and temperature).
Sb was effectively determined in the plastics samples with the in-house method, but appears to have been underestimated in the metals samples. This could be due to precipitation as Sb 2 O 3 . A possible remedy would be to stabilise the aqua regia solution with 2M HCl after digestion. Again, we note that standard addition and calculation of recovery rates did not detect any tendency towards underestimation.
The remaining elements, Au, Co, Cr, Cu, Ni and Zn, were not effectively determined by the chosen in-house method, but also do not show any clear pattern of over-or underestimation. For Au and Cu, it is clear that the samples were not well homogenized. For Cr, Ni and Zn, digestion with aqua regia gave good results (see Table S1 ). This points towards inconsistencies in the in-house digestion process with HNO 3 . The suitability of the in-house methods is summarized per element in Figure 8 .
Figure S1 for details.
Y was measured at values 27-50% lower with the in-house method than with the validated method, both methods involve digestion with HNO3 and detection with ICP-MS. A possible explanation is incomplete dissolution of Y2O3. It may be possible to solve the problem by optimising the digestion parameters (time and temperature).
Sb was effectively determined in the plastics samples with the in-house method, but appears to have been underestimated in the metals samples. This could be due to precipitation as Sb2O3. A possible remedy would be to stabilise the aqua regia solution with 2M HCl after digestion. Again, we note that standard addition and calculation of recovery rates did not detect any tendency towards underestimation.
The remaining elements, Au, Co, Cr, Cu, Ni and Zn, were not effectively determined by the chosen in-house method, but also do not show any clear pattern of over-or underestimation. For Au and Cu, it is clear that the samples were not well homogenized. For Cr, Ni and Zn, digestion with aqua regia gave good results (see Table S1 ). This points towards inconsistencies in the in-house digestion process with HNO3. The suitability of the in-house methods is summarized per element in Figure 8 . Not surprisingly, measuring metal content becomes increasingly challenging at smaller mass fractions. This is illustrated in Figure 9 , which displays the mass fractions measured by in-house methods and XRF divided by the mass fractions found with the validated methods on the y-axis and plotted against the mass fractions found with the validated methods on the x-axis. Deviations and bias tend to be higher at smaller mass fractions. Above 100 mg/kg, no elements seem to be severely biased (concentrated on one side of the horizontal black line), and although variability is still high, Not surprisingly, measuring metal content becomes increasingly challenging at smaller mass fractions. This is illustrated in Figure 9 , which displays the mass fractions measured by in-house methods and XRF divided by the mass fractions found with the validated methods on the y-axis and plotted against the mass fractions found with the validated methods on the x-axis. Deviations and bias tend to be higher at smaller mass fractions. Above 100 mg/kg, no elements seem to be severely biased (concentrated on one side of the horizontal black line), and although variability is still high, this may be mostly due to heterogeneity in the samples. Below 100 mg/kg, several measurements seem to be biased. An exception is La, which was relatively well determined with in-house methods despite having a mass fraction of less than 20 mg/kg. this may be mostly due to heterogeneity in the samples. Below 100 mg/kg, several measurements seem to be biased. An exception is La, which was relatively well determined with in-house methods despite having a mass fraction of less than 20 mg/kg. 
Conclusions
SLF is an extremely heterogeneous material that poses a tough challenge to the analyst. The newly developed sample preparation procedure was successful in comminuting all the major constituents of SLF and produced consistent results between the two batches. Despite improvements over existing approaches, some problems were identified through spiking with Y2O3 and Yb2O3 powders. The spiking elements were measured at mass fractions 90-150% higher than expected, pointing towards potential systematic effects during sample preparation. A possible explanation for the observed difference is the preferential concentration of the spike powders due to their small particle size. We therefore propose to conduct spiking of primary samples with materials in different forms, such as metal nuggets, larger metal particles with alloying elements, and plastic particles, as well as fine particles (as was done here). To enable a better comminution of the material and the analysis of larger samples, it should be investigated further whether organic materials can be conveniently removed before sample preparation through a controlled thermal process without loss of target elements.
Three different preparation methods (powder, fused bead, wax pellet) for WD-XRF measurements produced similar results. Preparation of a fused bead led to lower measured mass fractions on average, but this difference can be attributed to a higher detection limit due to dilution. For SLF samples prepared as those described here, with an analyte mass fraction in the range 0.01-10%, WD-XRF delivered results with uncertainties roughly within +100%/−50%. Hence, it can be a good alternative to more expensive wet-chemical analysis when this level of uncertainty is acceptable.
Comparison between results from the in-house chemical analysis and the validated chemical analysis showed that only Al, Fe and Sn were reliably determined with in-house methods. Uncertainties for these elements seem to be roughly +/−20% of the mean. The remaining 16 elements (Au, Cd, Cr, Co, Cu, Dy, La, Nd, Ni, Pb, Pd, Pt, Sb, Y, Yb and Zn) displayed very high variability and/or clearly biased results with in-house methods. In particular, elements below 100 mg/kg require special attention, and are prone to substantial over/under-estimation with routine methods. Most critical are the elements that are close to the detection limit of the instrument (e.g., Cd, Pd and Pt) 
SLF is an extremely heterogeneous material that poses a tough challenge to the analyst. The newly developed sample preparation procedure was successful in comminuting all the major constituents of SLF and produced consistent results between the two batches. Despite improvements over existing approaches, some problems were identified through spiking with Y 2 O 3 and Yb 2 O 3 powders. The spiking elements were measured at mass fractions 90-150% higher than expected, pointing towards potential systematic effects during sample preparation. A possible explanation for the observed difference is the preferential concentration of the spike powders due to their small particle size. We therefore propose to conduct spiking of primary samples with materials in different forms, such as metal nuggets, larger metal particles with alloying elements, and plastic particles, as well as fine particles (as was done here). To enable a better comminution of the material and the analysis of larger samples, it should be investigated further whether organic materials can be conveniently removed before sample preparation through a controlled thermal process without loss of target elements.
Comparison between results from the in-house chemical analysis and the validated chemical analysis showed that only Al, Fe and Sn were reliably determined with in-house methods. Uncertainties for these elements seem to be roughly +/−20% of the mean. The remaining 16 elements (Au, Cd, Cr, Co, Cu, Dy, La, Nd, Ni, Pb, Pd, Pt, Sb, Y, Yb and Zn) displayed very high variability and/or clearly biased results with in-house methods. In particular, elements below 100 mg/kg require special attention, and are prone to substantial over/under-estimation with routine methods. Most critical are the elements that are close to the detection limit of the instrument (e.g., Cd, Pd and Pt) and/or are not well homogenized (e.g., Au). To improve the reliability and validity of such measurements, we recommend reducing the particle size further (e.g., down to 0.1 mm) before chemical analysis, and possibly using a larger number of repeated digestions.
This study has shown that routine-type analysis of complex materials such as SLF is likely to involve substantial bias and high variability, especially for elements at very low mass fractions (<100 mg/kg). Data on element mass fractions in SLF should therefore be critically examined before being used in other studies, such as material flow analyses or estimations of resource potentials.
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The following are available online at http://www.mdpi.com/2313-4321/4/3/34/s1: results of the t-test, recovery rates from standard addition prior to chemical analysis, and plots of all measured mass fractions sorted by element (supplementary pdf document), all measured element mass fractions in individually digested test samples (single_digestions_ppm.csv). All calculated mean values and standard deviations are (mean_sd_ppm.csv). All quantities are given in mg/kg. The datasets are provided in a zip archive Loevik2019_metal_mass_fractions_in_automobile_SLF.zip together with a readme file describing the datasets. The datasets are also available at Zenodo: https://doi.org/10.5281/zenodo.3257054. 
